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a b s t r a c t 
In this work, the inﬂuence of thermal oxidative aging on the ultimate mechanical properties of rubbers
is investigated. Two new approaches to predict failure properties are proposed. The ﬁrst one is the stress
limiter approach that uses a “damage” parameter allowing determination of the failure stress and strain
of an aged material knowing both the mechanical properties and macromolecular network characteristics
of an as-received material. The second one is an extension of the energy limiter approach that suggests
capturing the drop of the stress at failure by replacing the strain energy density function of an as-received
elastomeric material by a function expressed in terms of an energy limiter. The predictive capabilities of
these two approaches are validated using experimental results for two elastomeric materials: an EPDM
and a polychloroprene (CR), both of which exhibit a largely predominant post-crosslinking (over chain
scissions) during aging. Comparison between the predictions and the experimental results in terms of
failure stresses and strains under uniaxial tension showed a good agreement. Consequently, these two
approaches are promising tools for designing elastomeric parts subjected to thermal oxidative aging.
© 2019 Elsevier Ltd. All rights reserved.
1. Introduction
The extremely high ductility with very low strength and the 
high damping and insulating properties of elastomeric materials 
are suitable for a wide range of industrial applications, such as 
in electrical insulation, medical devices, and air and ground trans- 
portation. Elastomeric materials are subjected to extreme loading 
conditions, such as complex mechanical loadings, high tempera- 
tures, UV radiations, oxygen and humidity. Consequently, their me- 
chanical and ultimate properties are inﬂuenced by the operating 
conditions. Therefore, the development of models capturing the 
alteration in those properties is essential for guiding the design 
of elastomeric material components. The mechanical and ultimate 
properties of elastomers are strongly dependent on the loading 
condition history and on the chemical and physical aging exposure 
history. Those properties are directly inﬂuenced by the changes in 
the macromolecular network structure induced by a chemical re- 
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action (i.e. oxidation but also hydrolysis) ( Colclough et al., 1968; 
Dunn and Scanlan, 1961; Mullins, 1956; Tobolsky et al., 1950; Yu 
and Wall, 1965 ). 
Since the middle of the last century, several research inves- 
tigations have focused on elucidating the thermal aging mecha- 
nisms of elastomeric materials that directly affect their mechani- 
cal properties. It is reported that thermal oxidation progressively 
alters the chemical composition of elastomeric materials (con- 
sumption and depletion of the weakest C –H bonds, formation 
and accumulation of a wide variety of oxidation products, etc.), 
which consequently modiﬁes their macromolecular network struc- 
ture ( Belbachir et al., 2010; Ben Hassine et al., 2014; Clavreul, 1997; 
Colin et al., 2007a,b,c; Delor-Jestin, 1996; Gillen et al., 2006; Ha- 
Anh and Vu-Khanh, 2005; Rivaton et al., 2005; Shabani, 2013; 
Tomer et al., 2007 ). The alteration in the macromolecular net- 
work structure induced by thermal oxidation is the result of two 
main competitive mechanisms: post-crosslinking and chain scis- 
sions. Their relative predominance depends on both the chemi- 
cal composition of the elastomer and the thermal aging exposure 
conditions. For instance, the chain scission mechanism is found 
to be predominant in peroxide-vulcanized NR and EPDM rubbers 
( Delor-Jestin, 1996; Shabani, 2013 ), whereas post-crosslinking is 
largely favored when they are vulcanized with sulfur due to mat- 
uration phenomena ( Ben Hassine et al., 2014; Delor-Jestin, 1996 ). 
However, maturation can be totally supplanted by reversion phe- 
nomena when increasing the temperature ( Bevilacqua, 1962; Colin 
et al., 2007b; Shelton, 1957 ). Post-crosslinking leads to the forma- 
tion of new cross-link nodes and thus to the reduction of the av- 
erage molar mass between two consecutive cross-links of the net- 
work. In contrast, chain scissions destroy the elastic active chains 
and thus lead to the formation of dangling chains, but without 
changing the average molar mass between two consecutive cross- 
link nodes ( Azura and Thomas, 2006; White and Shyichuk, 2007 ). 
Remarkably, the ultimate mechanical properties are independent 
of the involved network alteration mechanism. It was reported 
that the ultimate properties of elastomers decrease with increas- 
ing aging time; however, stiffness and yielding increase when post- 
crosslinking is predominant and decrease when chain scissions 
prevail ( Celina et al., 2005; Cristiano et al., 2011; Le Gac et al., 2016, 
2014; Mark and Tang, 1984; Neuhaus et al., 2017; Pourmand et al., 
2017; Rivaton et al., 2005 ). Investigating the thermal aging effects 
on the mechanical, physical and chemical properties of polymers 
requires thorough knowledge in the ﬁeld of chemical-physical an- 
alytical techniques and in the ﬁeld of mechanical testing ( Celina 
et al., 2005; Clavreul, 1997; Colin et al., 2007b ). 
The prediction of the long-term behavior of rubbers in se- 
vere environmental conditions requires the establishment of non- 
empirical behavior laws taking into account the structural changes 
at lower scales, especially at the macromolecular one. At this scale, 
the pertinent structural variables would be the concentration of 
cross-link nodes or the average molar mass between two consec- 
utive cross-links if post-crosslinking is predominant, or the con- 
centration chain scissions or dangling chains if chain scissions pre- 
vail. However, the validity of these predictive tools can be checked 
only if reliable experimental data are available, although concerns 
are raised on the reliability of the accelerated aging processes 
( Gillen et al., 2005 ). 
Many authors have applied the time-temperature equivalence 
principle, based on the Arrhenius relationship, on both mechan- 
ical, physical and chemical properties to study accelerated ther- 
mal aging of polymers ( Gillen et al., 2003; Rivaton et al., 2005; 
Scheirs et al., 1995; Wise et al., 1995; Woo et al., 2010 ). The time- 
temperature equivalence principle is used to extrapolate material 
performance under soft aging conditions from experimental data 
obtained under accelerated thermal aging conditions performed at 
elevated temperatures. The development of the time-temperature 
equivalence principle correlates with viscoelastic polymers’ me- 
chanical behavior evolution with increasing strain rate or decreas- 
ing temperature. A shift factor a T is used to superimpose the evo- 
lution of the investigated materials or mechanical properties as a 
function of aging conditions for the purpose of building a master 
curve ( Ferry, 1980; Treloar, 1971a,b ). In particular for thermal ag- 
ing, the investigated material’s property is plotted versus the aging 
condition (exposure time) for different temperatures. The shift fac- 
tor a T will be applied to superimpose all the data and determine 
the master curve at a reference temperature. The master curve 
can be tentatively used to estimate the investigated parameters at 
lower temperatures and longer exposure time, which are often in- 
accessible during a conventional research study. Two expressions 
of the shift factor can be generally used: 
The ﬁrst one is based upon an Arrhenius-type law, which takes 
the following form: 
ln ( a T ) = −E a
R 
(
1
T 
− 1
T 0 
)
(1) 
where E a is the activation energy, T is the absolute temperature, T 0 
is the reference temperature, and R is the perfect gas constant. 
The pertinence of this approach for studying polymer aging was 
established by many authors ( Ben Hassine et al., 2014; Gillen et al., 
2006; Ha-Anh and Vu-Khanh, 2005; Wise et al., 1995 ). However, 
the Arrhenius-based shift factor a T is generally used for tempera- 
tures above the polymer glass transition temperature T g , typically 
when T 0 > T g + 100. 
If the studied aging process temperatures do not fall within the 
reference temperature restriction, it becomes more relevant to use 
the approach suggested by Williams et al. (1955) , known as the 
WLF approach. In this case, the shift factor is expressed according 
to the following equation: 
ln ( a T ) = C 1 ( T − T 0 )
C 2 + T − T 0 
(2) 
C 1 and C 2 are material-dependent parameters to be determined by 
ﬁtting the experimental data obtained at a given reference temper- 
ature T 0 with Eq. (2) . 
From a mechanical point of view, many attempts were made 
in this last decade to develop fracture criteria for rubbers. For ex- 
ample, Dal and Kaliske (2009) proposed a micro-mechanical model 
consisting, at a micro-scale, of a serial construction of a Langevin- 
type spring (to capture the entropic elasticity) and a bond poten- 
tial representing the interatomic bond energy acting in the chain. 
To achieve the micro-macro scale transition, the authors used a 
micro-sphere model ( Miehe et al., 2004 ) and a numerical integra- 
tion scheme. The approach was successfully used for the prediction 
of fracture in rubbers under biaxial loading and for oxidized rub- 
bers. The only drawback is that the approach requires a numerical 
implementation in a ﬁnite element (FE) code to be exploited. 
Another interesting approach was developed by Volokh (2016, 
2017, 2010, 2007 ). The energy limiter concept was introduced in 
order to limit the stored energy in the rubber when subjected to 
mechanical loading. Indeed, the classical hyperelastic constitutive 
laws do not capture the stress drop resulting from the material 
fracture. By introducing the energy limiter, it is therefore possible 
to describe the entire curve, including the stress drop. The main 
features of this approach are summarized later in this paper. 
In recent investigations, Naït-Abdelaziz et al. (2012) and 
Ben Hassine et al. (2014) proposed an original approach based on 
the intrinsic defect concept to describe the fracture behavior of 
elastomers under biaxial loadings and also to predict the ultimate 
stresses and strains when thermo-oxidative aging is involved. 
More generally, approaches using continuum damage me- 
chanics, following the pioneering work of Kachanov (1980) and 
Lemaitre (1985) , were successfully proposed to predict elastomeric 
materials failure under fatigue loading ( Ayoub et al., 2014, 2012, 
2011 ). In this sense, the energy limiter approach ( Volokh, 2010 ) 
can be considered as a continuum damage approach since the ma- 
terial’s softening under mechanical loading is considered. 
The research focuses of this work are two: ﬁrst is developing a 
stress limiter parameter for predicting the aging effects on stresses 
and strains at break for rubbers. The second focus is extending the 
energy limiter approach to investigate fracture of thermally aged 
elastomers by developing a fracture criterion. 
2. Ultimate properties predictors
Two different approaches are presented in this section, the 
stress limiter and the extended energy limiter approaches. We start 
by presenting the theoretical equations describing the mechanical 
behavior of rubbers. 
The macromolecular network of rubbers consists of randomly 
oriented interlinked long chains. The deformation of rubbers is as- 
sociated with the decrease of the macromolecular network entropy 
induced by the alignment of the macromolecular chains along the 
loading direction. Rubbers exhibit a highly nonlinear stress–strain 
behavior usually described as visco-hyperelastic behavior ( Treloar, 
1971a,b ). The mechanical behavior of elastomers is described in the 
literature with either physically based approaches (based on sta- 
tistical theories) ( Arruda and Boyce, 1993; James and Guth, 1943; 
Treloar, 1971 ) or phenomenological approaches (based on invari- 
ant continuum mechanics theory) ( Ogden, 1997; Rivlin, 1948; Yeoh, 
1990 ). In this paper, the Neo-Hookean model, a physically based 
approach proposed by Treloar (1971a,b ), is used. This approach 
uses a statistical Gaussian model to describe the kinematics of a 
single macromolecular chain. The strain energy density W of a per- 
fect network may be written as follows: 
W = ρRT
2 M c 
(
λ21 + λ2 2 + λ2 3 − 3
)
(3) 
where ρ the volumetric mass, T is the absolute temperature, R is 
the gas constant, and M c is the average molar mass between two 
consecutive cross-links of the network and λi represents the prin- 
cipal stretches (i.e. the principal components of the strain gradient 
tensor). 
To account for the mobility of the junction nodes, James and 
Guth (1943) modiﬁed the Neo-Hookean model and derived the so- 
called phantom network model, written as follows: 
W = ρRT
2 M c 
(
1 − 2 
f 
)(
λ2 1 + λ2 2 + λ2 3 − 3
)
(4) 
where f is the crosslink functionality (i.e., the number of elastically 
active chains connected to the same crosslink node). 
The principal Cauchy stresses σ i may be derived as follows: 
σi = λi 
∂W 
∂ λi 
− p (5) 
The boundary conditions of a speciﬁc loading case are used to 
determine the hydrostatic pressure p . In the case of uniaxial ten- 
sion, this leads to: 
σ = ρRT
M c 
(
1 − 2
f 
)(
λ2 − 1
λ
)
(6) 
where σ and λ are the true stress and the stretch in the load- 
ing direction, respectively. The thermal aging, which acts on the 
molar mass, can be accounted for in the model by introducing an 
appropriate evolution kinetics in Eq. (6) . Indeed, stiffening as well 
as softening can be captured by the molar mass evolution depend- 
ing on the predominant mechanism: post-crosslinking (molar mass 
decreases and the stiffness increases) or chain scission (inverse ef- 
fect). In analogy with damage mechanics, a “damage” parameter 
can be expressed as a function of the molar mass since the latter 
is associated with the variation of the material’s stiffness. 
2.1. Stress limiter deﬁnition 
In this section, the mathematical framework of the proposed 
stress limiter approach is presented. The modiﬁed Neo-Hookean 
approach Eq. (6) does not depict the behavior of the rubber in the 
fracture regime and therefore its validity is limited to the range of 
stress values below the stress at break σ b : 
σ ≤ σb (7) 
And therefore the stress at break can be written as follows: 
σb = 
ρRT 
M c 
(
1 − 2
f 
)
.
(
λ2 b −
1 
λb 
)
(8) 
As mentioned previously, the thermal degradation of rubber 
is accompanied with a reduction of the average molar mass M c , 
which results into a reduction in the materials ductility. The ratio 
of stresses at break for the as-received σb 0 and thermally aged σ b 
materials can be written as follows: 
σb 
σb 0 
= 
M c 0 
(
λ2 
b 
− 1 
λb 
)
M c 
(
λ2 
b 0
− 1 
λb 0 
) (9) 
where suﬃx 0 refers to the as-received material and suﬃx b de- 
notes the value at break. In analogy with damage mechanics the- 
ory, the stress at break can be written alternatively as follows: 
σb = σb 0 (1 − D ) (10) 
the factor (1 −D ) is a stress limiter that depends on the molar 
mass between two consecutive crosslinks of the network. We will 
start by assuming that the stress limiter can be expressed as fol- 
lows, which will be also experimentally proved: 
(1 − D ) = M c − M c y 
M c 0 − M c y 
= μR (11) 
where μR is the reduced molar mass. The limit conditions are sat- 
isﬁed by Eq. (11) as noted:{
σb = σb 0 i f M c = M c 0
σb = 0 i f M c = M c y (12) 
where M c y is a yield molar mass value below which the material is 
fully degraded. Note that more elaborate expressions of the stress 
limiter factor could be obtained when combining Eqs. (9) and (10) : 
1 − D = 
M c 0 
(
λ2 
b 
− 1
λb
)
M c 
(
λ2 
b 0
− 1 
λb 0 
) (13) 
An explicit expression of the stress limiter can be obtained by 
using the perfect network theory. The complete mechanical re- 
sponse, including beyond-fracture behavior, can be described by 
modifying slightly Eq. (6) as follows: 
σ = ρRT
M c 
(
1 − 2
f 
)
.
(
λ2 − 1
λ
)
F ( M c ) (14) 
where F ( M c ) is a modiﬁed sigmoid (s-shaped) function verifying 
the following conditions:{
F = 1 i f λ < λ b 
F → 0 i f λ ≥ λ b (15) 
And F ( M c ) is expressed as follows: 
F ( x ( λ, M c ) ) = e 
−( x a ) 
1 + e −( x a ) 
(16) 
where a is a parameter controlling the slope of the drop and x is a 
molar mass and stretch dependent function. The expression of x is 
deduced by combining Eqs. (11) and (13) : 
x ( λ, M c ) = 
(
λ2 − λ−1 
)
−
(
M c 
M c 0 
)
.
(
M c − M c y 
M c 0 − M c y 
)
. 
(
λ2 b 0 − λ−1 b 0
)
(17) 
Note that the input parameters are M c 0 , M c y and λb 0 
. It is worth 
noting that the proposed Eqs. (10) and (11) enable the prediction of 
the stress values at break for a given thermal aging state while the 
derived Eq. (14) enable the description of the entire stress–strain 
mechanical response up to complete fracture. 
2.2. Extended energy limiter approach 
In this section, we start by summarizing the theoretical frame- 
work of the energy limiter approach introduced by Volokh (2007) . 
Volokh originally proposed capturing the drop of the stress at fail- 
ure by replacing the strain energy density function W of an as- 
received elastomeric material by a function ψ( W ) expressed in 
terms of an energy limiter φ. As a ﬁrst attempt, the following func- 
tion was proposed by the author: 
ψ ( W ) = φ − φe −W/φ (18) 
The expression of the Cauchy stress tensor as derived by 
Volokh (2007) is as follows: 
σ = 2 J −1 F ∂W 
∂ C 
F 
T
e −W/φ (19) 
where J is the determinant of the deformation gradient tensor F , 
and C is the right Cauchy –Green strain tensor. The exponential 
term contributes to progressively decrease the stress and conse- 
quently to soften the material behavior up to complete failure. 
Nevertheless, with such an expression, the sharpness of the stress 
drop at failure cannot be captured (indeed, rubber sheets gener- 
ally fail in a “brittle” manner). Hence, an updated energy potential 
expression was proposed ( Volokh, 2010 ): 
ψ ( W ) = φ
m 
[

(
1
m 
, 0 
)
− 
(
1 
m 
,
W m 
φm 
)]
(20) 
where  is the upper gamma function deﬁned as: 
( s, ξ ) = 
∫ ∞ 
ξ
t s −1 e −t dt (21) 
Knowing that ∂( s, x ) / ∂x = −x s −1 e −x , the Cauchy stress tensor 
was derived as: 
σ = 2 J −1 F ∂W 
∂ C 
F 
T
e 
(
−W m
φm
)
(22) 
The input parameter m allows to control the sharpness of the 
drop. It is worth noting that using the energy limiter described in 
Eq. (20) must be restricted to monotonic loading as the behavior 
induced by this potential is reversible. In Volokh (2014) , the au- 
thor extended this approach to capture the irreversibility induced 
by fracture. Nevertheless, in our study, we attempt to demonstrate 
the capability of the approach to capture the evolution of the stress 
at break with aging. Therefore, it is necessary to include the irre- 
versibility of fracture as suggested by Volokh (2014) , when extend- 
ing the approach to multiaxial/structural loadings. 
In what follows, the energy limiter is developed for uniaxial 
tension. For this speciﬁc loading condition, the stress tensor is re- 
duced to only one non-zero value, i.e., the stress in the loading 
direction, while, under the incompressibility assumption, the de- 
formation gradient is expressed as: 
[ F ] = 
[ 
λ 0 0 
0 1 /
√ 
λ 0 
0 0 1 / 
√ 
λ
]
(23) 
with λ being the stretch in the loading direction. The strain en- 
ergy density expressed in Eq. (4) is used to calculate the stress in 
Eq. (22) : 
σ = ρRT
M c 
(
1 − 2
f 
)(
λ2 − 1
λ
)
e 
(
−W m
φm
)
(24) 
Eq. (24) allows the description of the complete stress–strain 
response in uniaxial tension. Note that the stress at break is 
σ b = max [ σ ]. In what follow, we propose to modify the expression 
of the energy limiter to account for the degradation of the me- 
chanical properties induced by aging. We can postulate, as a ﬁrst 
attempt, that the energy limiter is a function of the molar mass 
between crosslinks and assume linear evolution from a maximum 
value φ0 associated with the as-received material, as follows: 
φ( M c ) = 
M c − M c y 
M c 0 − M c y 
φ0 (25) 
Fig. 1. Specimen geometries for: (a) average molar mass measurements, (b) tensile
tests.
Note that the parameters of Eq. (25) are the same as those de- 
ﬁned previously in Eq. (11) except for φ0 , which must be identiﬁed 
from a tensile test on a as-received material. 
A non-linear evolution can also be introduced by slightly mod- 
ifying Eq. (25) as follows: 
φ( M c ) = 
(
M c − M c y 
M c 0 − M c y 
)α
φ0 (26) 
an additional parameter α needs to be identiﬁed. In the next sec- 
tion, the experimental results used for the validation of the two 
newly proposed approaches are reported. 
3. Experimental material and procedure
3.1. Materials 
Two materials are considered in this work: EPDM and CR. EPDM 
is an ethylene-propylene-diene monomer rubber vulcanized by 4 
phr of sulfur compounds in the presence of activators (ZnO and 
acid stearic) and accelerators (TMTD and MBTS) and ﬁlled by 13 
and 29.8 wt% of carbon black and clay platelets, respectively. It 
is noteworthy that the EPDM gum has been carefully character- 
ized by FTIR spectrometry and 1 H NMR before vulcanization. It 
was found that the repetitive and constitutive unit of the polymer 
chain is composed of 66.1 mol% ethylene, 33.1 mol% propylene, and 
0.8 mol% norbornene (ENB). 
CR is a polychloroprene rubber also vulcanized with sulfur com- 
pounds, whose exact chemical composition and thermal aging be- 
havior were reported by Le Gac et al. (2014) . 
3.2. Specimens 
For the EPDM rubber, two different specimen geometries 
( Fig. 1 ) are used in this work: the ﬁrst one (ﬂat discs) to mea- 
sure the average molar mass evolution M c between two consecu- 
tive cross-links of the network by using a swelling technique, the 
second one (dog-bone specimens) to get the strain-stress response 
up to failure. All of these specimens are cut from rubber sheets of 
3.8 mm thickness. 
For the CR rubber, Le Gac et al. (2014) used dogbone specimens 
of type 2 (from ISO 37) cut from rubber sheets of 0.9 mm thick- 
ness. 
3.3. Accelerated thermal aging 
For the EPDM rubber, the accelerated aging process consists of 
exposing the two specimen types to 130, 150, and 170 °C in air- 
ventilated ovens for various lengths of time. During the exposure, 
the dog-bone specimens were kept in a vertical position using a 
speciﬁcally designed apparatus in order to avoid any shape change 
at high temperature. 
Fig. 2. EPDM specimen before and after swelling for molar mass measurements.
For each temperature and exposure-time aging condition, the 
type two specimens were swelled at room temperature (25 °C) 
with cyclohexane. This operation induces a network volume expan- 
sion, as shown in Fig. 2 . 
According to the literature, the average molar mass between 
crosslinks M c is determined from the volume change using the 
classical Flory–Rehner’s relationship. For a 4-functional network, 
the average molar mass between two consecutive crosslinks M c is 
expressed as follows ( Flory and Rehner, 1943; Flory, 19537 ): 
M c = −
0 . 5 V ρp 
(
V 1 / 3 
r0 
− 0 . 5 V r0 
)
ln ( 1 −V r0 ) + V r0 + χV 2 r0
(27) 
where V is the molar volume of solvent (cm 3 /mol), ρp is the EPDM 
density equal to 0.86 g/cm 3 , χ is the Flory–Huggins’ interaction pa- 
rameter equal to 0.321 for the EPDM-cyclohexane system ( Baldwin 
and Ver Strate, 1972; Hilborn and Ranaby, 1989 ), and V r 0 is the 
polymer volume fraction in the swollen network expressed as: 
V r0 = ρsolv ent 
ρsolv ent + ( m g / m s − 1 ) ρpolymer
(28) 
Where m g is the weight of the swollen polymer sample, m s is the 
weight of the same sample after drying under vacuum at 40 °C for 
24 h, and ρsolvent is the solvent density (0.78 g/cm 
3 for cyclohex- 
ane). 
For the CR rubber, thermal aging was performed in air- 
ventilated ovens at several temperatures ranging from 60 to 140 °C. 
More details are given by the authors in reference ( Le Gac et al., 
2014 ). 
3.4. Uniaxial tension tests 
The stress–strain mechanical response and the fracture proper- 
ties of the EPDM rubber are determined under monotonic uniax- 
ial tension tests. Tests are conducted at room temperature (25 °C) 
under a constant crosshead speed of 5 mm/min. The local strains 
are measured using a non-contact videosystem that tracks the dis- 
placement of two spots pre-printed on the specimen. 
A crosshead speed of 10 mm/min is used to characterize the 
mechanical and fracture behavior of the CR rubber, and the strains 
are calculated from the crosshead displacement ( Le Gac et al., 
2014 ). 
4. Model results and discussions
In this section, we will start by presenting the evolution of the 
average molar mass M c as a function of the thermal aging condi- 
tions. Indeed, the evolution of M c with thermal aging is an input 
for both proposed models, the stress limiter and the energy limiter 
Fig. 3. Molar mass as a function of the reduced time (logarithmic scale) for EPDM
material.
concepts. The WLF theory is used to determine the master curve of 
the evolution of M c with thermal aging. In section one, the predic- 
tive capability of the stress limiter approach is presented, while in 
section two the prediction results of the energy limiter approach 
are presented. 
4.1. Molar mass evolution 
The average molar mass of the thermally aged and as-received 
EPDM material was determined using the swelling method de- 
scribed in Section 3.3 . The time-temperature equivalence Eq. (2) is 
used to ﬁnd the master curve of the M c evolution. Fig. 3 shows 
the evolution of the molar mass as a function of the reduced 
time = t ∗a T with t being the exposure-time and a T is determined 
using the WLF approach in Eq. (2) . The optimized WLF parameters 
are the following: T 0 = 403 K, C 1 = −70, and C 2 = 900 K. The result- 
ing master curve can be ﬁtted using the following expression: 
M c = M c 0 − a e b ln t r (29) 
with M c0 = 1780 g/mole, a = 14, and b = 0.55. 
For the CR rubber, only one aging temperature is provided by 
the authors ( Le Gac et al., 2014 ), the temperature of accelerated 
aging being 100 °C. Fig. 4 shows the evolution of the molar mass as 
a function of the reduced aging time. The experimental data evo- 
lution can be ﬁtted using Eq. (29) , with the following parameters: 
M c0 = 10,500 g/mole, a = 2500, and b = 0.2. Note that the average 
molar mass is not measured experimentally but estimated by ﬁt- 
ting Eq. (6) on the experimental stress–strain data and by assum- 
ing that the functionality factor is equal to f = 4. 
4.2. Stress limiter approach results and discussions 
In this section, the predictive capability of the stress limiter ap- 
proach is analyzed by comparing the numerical results to the ther- 
mal aging experimental results of the EPDM rubber. 
As introduced in Eq. (10) , the ratio between the stresses at 
break of the thermally aged and as-received materials (also re- 
ferred to as reduced stress) is expressed as follows: 
(1 − D ) = σb
σb 0 
= R (30) 
In section two, it is assumed that this ratio depends on the 
average molar mass ( Eq. (11) ). The validity of this assumption is 
checked by plotting the evolution of the reduced stress R as a 
Fig. 4. Molar mass as a function of reduced aging time for CR rubber.
Fig. 5. Evolution of the reduced stress as a function of the reduced molar mass.
(aged EPDM, 170 °C).
function of the reduced molar mass μR for the EPDM material aged 
at a temperature of 170 °C, as illustrated in Fig. 5 . The reduced 
molar mass μR was determined by using the following parame- 
ters: M c y = 600g / mol and M c 0 = 1780g / mol . Fig. 5 shows a linear 
relationship between the R and the μR . Furthermore, it is clearly 
highlighted that μR = R , which proves the validity of Eq. (11) . This 
ﬁnding proves that the decrease of the stress at break with ther- 
mal aging can be directly related to the change of average molec- 
ular mass M c . Therefore, the assumptions of the stress limiter ap- 
proach are valid and allow the prediction of the stress at break for 
thermally aged EPDM. 
The stress at break for the different thermally aged samples (or 
for a reduced time) can be determined from Eq. (10) by knowing 
the average molar mass and the stress at break of the as-received 
material. Fig. 6 shows the evolution of the stress at break as a 
function of the reduced time of aging for all EPDM thermal ag- 
ing experiments. The stress to break calculated using the stress 
limiter approach exhibits a trend with tight scattering around the 
prediction of Eq. (10) , resulting from using the WLF theory for 
the calculation of the reduced time. The evolution of the stress 
at break shows a quick decrease for low “reduced time,” followed 
by a linear decrease with increasing “reduced time.” This evolu- 
tion is in correlation with the evolution trend exhibited by the av- 
Fig. 6. Stress at break as a function of reduced time of aging.
Fig. 7. Stretch at break as a function of reduced time of aging.
erage molar mass M c with increasing “reduced time.” In fact, the 
decrease of the stress at break with increasing “reduced time” is 
the result of chains reaching their limit of extensibility at an ear- 
lier deformation stage, which results from the decrease in the aver- 
age number of monomers between crosslinks. The implementation 
of the proposed approach is relatively simple and is summarized 
by Eqs. (2) and (10) . However, this theory requires the evolution 
of the molar mass (determined in Eq. (29) ) as imputed and two 
additional experimentally determined parameters: the yield aver- 
age molar mass M c y and the stress at break for the as-received 
material. 
In what follows, to further conﬁrm the relevance of the stress 
limiter approach, the evolution of the stretches at break λb is an- 
alyzed. The stretch at break for each thermal aging experiment is 
calculated using Eq. (8) , which uses the stress at break as an in- 
put. The stretches at break λb are obtained by numerically solving 
a nonlinear equation ( Eq. (8) ) using Newton’s method. 
Fig. 7 shows the evolution of the stretch at break for differ- 
ent aging conditions (reduced time). The experimental results ex- 
hibit tight scattered points around the model prediction ( Eq. (8) ). 
A quick decrease for low “reduced time” in the stretch to break is 
observed, followed by a linear decrease with increasing “reduced 
time.” Obviously, the evolution of the stretch to break follows the 
Fig. 8. Cauchy stress as a function of true strain (dots: experimental, lines: Eq. (14) ).
observed and predicted evolutions of the average molar mass M c 
and the stress to break, respectively. The decrease in the stretch 
to break with increasing “reduced time” is the direct consequence 
of chains reaching their limit of extensibility as the average num- 
ber of monomers between crosslinks is decreasing. In a simpliﬁed 
way, as the length of the molecular chains is decreasing, they can 
be stretched less. The good agreement between the experimen- 
tal and the predicted evolutions evidences the applicability of this 
approach to predict the behavior of thermo-oxidative aged elas- 
tomeric materials. 
The stress–strain behavior of EPDM samples aged at 170 °C for 3 
exposure times is presented in Fig. 8 . An increase in the hardening 
(the rubbery modulus) and a decrease in the strain to break and 
stress to break with increasing aging time are observed in Fig. 8 . 
While we are presenting only the 170 °C results, the other temper- 
atures exhibit similar trends. The evolution of the stress–strain re- 
sponse of thermally aged EPDM is described by Eq. (14) . Fig. 8 also 
shows a comparison between the experimental and the predicted 
stress–strain response of thermally aged EPDM samples at 170 °C 
and for 14-, 36-, and 96-hour exposure times. The predictive ca- 
pabilities of the model are clearly highlighted. The model is capa- 
ble of accurately mimicking the increase of the hardening (rubbery 
modulus). Furthermore, the model is able to predict accurately the 
stresses and strains at break. This approach is considered a sim- 
pliﬁed approach, as the complete behavior including break can be 
accounted for, and therefore it becomes an attractive tool for de- 
signing elastomeric parts subjected to thermo-oxidative aging. 
4.3. Energy limiter approach 
4.3.1. Energy limiter approach applied to EPDM rubber 
In this section, the energy limiter approach predictions are 
compared to the EPDM and CR thermal aging experiments. As al- 
ready mentioned, the energy limiter allows the dissipated energy 
to be bound at its maximum value reached at failure. 
Fig. 9 presents a comparison between the experimental and the 
energy limiter approach predicted dissipated energy evolution as 
a function of the true strain for as-received EPDM material. The 
relevance of this approach is highlighted by the close ﬁt between 
the energy limiter approach and the experiments. The experimen- 
tal dissipated energy is obtained by calculating the area under the 
true stress–strain curve, while the theoretical one is estimated by 
using Eq. (20) . The strain energy density W is calculated using 
Eq. (4) . The value of the energy limiter is found to be equal to 
Fig. 9. Dissipated energy as a function of true strain for the as received EPDM
material.
Fig. 10. Stress at break as a function of reduced time of aging.
φ = φ0 = 38.5 MPa for m = 100 , and it slightly depends on the 
value of m . Note that changing the value of the parameter m helps 
in controlling the shape of the transition to failure. The calculation 
of the upper gamma function is achieved using Matlab software. 
This ﬁgure allows identiﬁcation of the parameter φ0 . In what fol- 
lows, the parameter m is chosen to be equal to 100. 
The evolution of the energy limiter during thermal aging is cal- 
culated using the evolution law presented by Eq. (25) , with the 
evolution parameters taken to be equal to M c y = 600g / mol and 
φ0 = 38.5MPa, where φ0 is the as-received energy limiter and M c y 
is the yield average molar mass. The values of the stress at break 
can be computed as a function of the average molar mass of the 
thermally aged sample by evaluating the maximum value of the 
stress given by Eq. (24) . The obtained data can, therefore, be plot- 
ted as a function of the reduced time using the WLF principle and 
Eq. (29) . 
Fig. 10 shows the comparison between the experimental re- 
sults and the estimates given by the energy limiter approach of the 
stress at break for the different thermal aging conditions. The good 
agreement between the experimental and predicted data conﬁrms 
the relevance of this approach in studying thermal aging. 
Moreover, the correctness of using the energy limiter approach 
to predict the mechanical properties of thermally aged EPDM is 
Fig. 11. Stretch at break as a function of reduced time of aging.
clearly conﬁrmed when comparing the experimental stretches at 
break to the estimated ones, where again a good agreement is 
found, as shown in Fig. 11 . 
Furthermore, a similarity is noticed between the predictions 
of the stress limiter approach and the energy limiter approach. 
Indeed, both approaches mimic the evolutions of the stress and 
stretch at break with evolving thermal aging conditions. The stress 
and stretch at break decrease non-linearly at low levels of “reduced 
time,” and a linear decrease is observed with increasing “reduced 
time.” However, the energy limiter approach, in general, predicts a 
slightly earlier fracture than the stress limiter approach. 
4.3.2. Energy limiter approach applied to CR rubber 
As previously mentioned, the data presented by Le Gac 
et al. (2014) are used to validate the energy limiter approach. The 
authors provided the evolution of the dissipated energy density 
and of the strain at break as a function of the aging time (only one 
temperature was investigated). The molar mass between crosslinks 
was indirectly calculated by ﬁtting the experimental stress-strain 
curves according to Eq. (6) . The evolution of the molar mass as a 
function of the “reduced time” is presented in Fig. 4 . 
The predicted dissipated energy is computed by using Eq. (20) . 
Moreover, the energy at break is obtained by extracting the maxi- 
mum value of the predicted dissipated energy: 
ψ failure = max [ ψ ( W ) ] = 
φ
m 
[

(
1
m 
, 0 
)]
(31) 
The model parameters used in this calculation are the follow- 
ing: M c y = 700g / mol , M c 0 = 10 , 500g / mol , φ0 = 50MPa and m = 
100. The stretch at break is then deduced from Eq. (24) by us- 
ing a Newton algorithm. Figs. 12 and 13 present the evolution of 
the energy and stretch at break as a function of the aging time. 
It is observed that the energy approach predictions overestimate 
the experimental data (it corresponds to the plots with alpha be- 
ing equal to 1 which is equivalent to Eq. (25) ). It is proposed to 
improve the prediction capability of the energy approach by us- 
ing the non-linear form given in Eq. (26) . A value of the exponent 
α of 5 is found to present the best predictions of the studied CR 
experimental data. 
From both Figs. 12 and 13 we can observe that the ultimate 
properties drastically decrease in the early period of aging. This 
rapid decrease is attributed to the fact that no anti-oxidant addi- 
tive is used in the manufacturing process of the CR rubber. Further- 
more, the induced crystallization exhibited by CR rubbers makes 
Fig. 12. Failure energy density as a function of time of aging, φ is expressed using
Eq. (26) .
Fig. 13. Stretch at break as a function of time of aging, φ is expressed using
Eq. (26) .
their fracture behavior more complex than that of amorphous rub- 
bers such as EPDM. Indeed, as reported by Le Gac et al. (2014) , 
strain-induced crystallization highly improves the fracture proper- 
ties of the as-received material. Nevertheless, oxidative crosslink- 
ing induced by thermal aging diminishes the inﬂuence of induced 
recrystallization on the mechanical behavior, and it rapidly van- 
ishes after very short exposure times. 
5. Conclusion
In this work, two new approaches are proposed to estimate the 
ultimate mechanical properties of elastomeric materials subjected 
to thermal oxidative aging. 
The ﬁrst approach, the stress limiter approach, is based upon 
an analogy with continuum damage mechanics, in which a dam- 
age parameter is formulated in order to predict the stress at break 
of thermally aged elastomeric materials, knowing the as-received 
material properties. It is found that for materials exhibiting post- 
crosslinking induced thermal aging damage, the best description 
of the degradation behavior is obtained when the damage param- 
eter is expressed as a function of the average molar mass between 
crosslinks. Based on the comparison between the experimental 
and prediction results on EPDM rubber, a linear variation of the 
damage parameter is capable of giving good estimates of the ul- 
timate stresses and stretches. This approach also allows predic- 
tion of the complete mechanical behavior of the material in terms 
of strain-stress response beyond the failure. Although the model 
predictions mimic the experimental results, this approach is de- 
veloped only for uniaxial tension, and an effort must be made to 
generalize the formulation to account for multiaxial loading paths, 
including non-proportional loadings. 
To address this issue, an extension of the energy limiter ap- 
proach developed initially by Volokh (2016, 2017, 2010, 2007 ) is 
proposed. Similar to the stress limiter approach, the energy lim- 
iter parameter is written as a function of the average molar mass 
between crosslinks. As a ﬁrst approximation, a linear evolution is 
proposed, therefore reducing the number of parameters to be iden- 
tiﬁed. A very good agreement is found between the EPDM rubber 
experimental data and the prediction. However, to better predict 
the experimental data of the CR rubber, it is necessary to use a 
non-linear evolution of φ. 
The advantage of the energy limiter approach is its ability to 
investigate complex loadings since it is based upon a thermody- 
namic formulation, which allows tonsorial stresses and strains to 
be derived. Finally, the damage parameter chosen in this investiga- 
tion is directly linked to the molar mass between two consecutive 
crosslinks. It is therefore important to go further by investigating 
materials that exhibit chain scission and check the capabilities of 
these approaches to be generalized. 
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